Drought frequently occurs in North China and is the most damaging disaster in this region 22 owing to its large-scale impact on hydrology and ecosystems. This is the main reason that China 23 implemented the world-famous South-to-North Water Diversion (SNWD) project. However, quantifying 24 the drought-induced water deficit at a regional scale is still a significant challenge. Gravity Recovery and 25 Climate Experiment (GRACE) satellites monitor temporal variations in the Earth's gravitational potential 26 and provide quality data sets for water storage analysis. In this study, we quantify the water deficit over 27 North China in the context of the implementation of the SNWD project by focusing on a recent drought 28 event, the 2009/10 drought, and identifying its onset, persistence, and recovery. As confirmed with 29 ground-measured and land surface modelling data sets, GRACE can successfully capture temporal 30 variations in total water storage. Total water storage shows a declining trend, reaching a low point during 31 the 2009/10 drought with a water storage deficit of up to 25 km 3 (~22 mm). Groundwater storage shows a 32 similar pattern, with a trend of −6.97 mm/yr. Together with the water deficit, vegetation growth is 33 substantially restricted, as indicated by a reduction in the leaf area index. The amount of water transfer by 34 the SNWD project can roughly meet the water deficit in North China but the effectiveness of the SNWD 35 will depends on specific water configuration strategies. 36 
. The model is driven by near-surface atmospheric forcing data including air 140 temperature, air humidity, and precipitation (Charusombat et al., 2012) . It simulates surface water and 141 energy balances such as soil moisture, soil temperature, canopy content, and water and energy flux terms 142 (Yang et al., 2013 ). The NOAH model has undergone continuous improvement (Ingwersen et al., 2011), 143 and it has been included in the GLDAS in which ground-based and space-based observations were used 144 to estimate the land surface states (Fang et al., 2009 ). To verify the GRACE measurements, in this study, 145 we used the NOAH simulated data from GLDAS because the data were widely applied (Rodell et al., . 148 Please note the VIC and the NOAH simulation data of water fluxes and soil moisture were from other 149 studies, and we did not perform the simulations. Their daily data at 0.25-degree resolution were 150 aggregated to monthly and one-degree scale to compare with GRACE. 151 152 In this study, ground-based measurements of precipitation, groundwater, and surface water storage 153 were used. Ground-based measured precipitation data from the Chinese Meteorological Administration 154 were applied to derive gridded precipitation at a spatial resolution of 0.25° using the synergraphic 155 mapping system algorithm (Shepard, 1984) . The gridded precipitation data have been extensively verified 156 Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess- 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. Published: 26 July 2016 c Author(s) 2016. CC-BY 3.0 License.
Ground-based measurements and other data
for runoff, evapotranspiration, and soil moisture (Zhang et al., 2014) . These gridded precipitation data can 157 be used to identify the spatial coverage of meteorological droughts. 158 In order to detect the impact of the drought on the groundwater system, groundwater table 159 observations were acquired from 95 observation wells. The distribution of these wells is shown in 
Methods

165
We first characterized the 2009/10 drought in a long perspective based on the 53-year precipitation. 166 The Standardized Precipitation Index (SPI) and the probability of yearly precipitation are used to 167 represent the status of the drought in the 53 years. Then we identify the water storage condition, including 168 the total water storage, surface water and groundwater. In order to evaluate the GRACE data, we 169 compared net recharge from GRACE and the simulated data. Moreover, the groundwater storage 170 calculated from GRACE was also evaluated using in-situ observations. Here we specially present the 171 methods used to calculate the SPI, net recharge, and groundwater storage.
SPI
173
The severity of a drought can be quantified with a drought index. The SPI was used to reflect the 174 meteorological drought, which was proposed by McKee (1993) and is a widely used drought index. The 175 index is a statistical monthly indicator that compares the accumulated precipitation during a period of 176 specific months with the long-term cumulative rainfall distribution for an accumulated period (Nam et al., where the subscript i stands for the ith month and represents the ith month total water storage anomaly. The other method for GWC computation is subtraction of soil water storage from the GRACE total 207 water storage changes:
Where G is the GWC, S and M denote the GRACE total water anomalies and the soil moisture changes 210 simulated by the hydrologic model, respectively. The C and W represent canopy water storage and 211 surface water (i.e., water storage in reservoirs), respectively.
212
Through the two methods, groundwater storage is obtained so that to evaluate the GRACE data 213 and to quantify groundwater changes. 241 The lack of water input (i.e., precipitation) during the drought period probably induces a decrease in 242 water storage. As shown in Fig. 4(a) , the GRACE data from CSR, JPL, and GFZ have similar trends and and spring of 2010. Although the spatial distribution is uneven, total water storage is still below zero and 259 the south of North China is the main affected area. 260 Furthermore, we computed the relative departure of water storage for 2009/10 from the average. 261 From Fig. 6 , we can see that drought events mainly occur in the south of North China, where the water 262 resources are very poor. The regional average water storage deficits are up to 22 mm, about 25.5 km 3 263 relative to the normal water storage condition. (Fig. 8(b) ). focusing on the drought from the viewpoint of meteorology or ecology, we addressed this drought event 297 from a hydrological perspective in order to analyze the influence on water storage, which is essential for 298 ecosystem and agricultural production. 299 With decreasing precipitation, water storage depletion has taken place during the past decade in 300 North China (Moiwo, 2013). In this study, we found that surface water storage reached a low level in 301 2009 and 2010. 
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